Conceptual design is a crucial activity in the product development process. The design freedom must consider a trade-off analysis among several aspects such as assembly, manufacturing, and costs. The goal of this approach is to define a multi-objective design approach for the determination of feasible design options. The approach is grounded on the concept of functional basis for the analysis of product modules and the theory of Multi Criteria Decision Making (MCDM) approach for the assessment of the best design option. A complex product (tool-holder carousel of a machine tool) is used as a case study to validate the approach.
Introduction
Different Design-for-X (DfX) methods have been developed in recent years to aid designers during the design process and in the product engineering stage. Methods for efficient Designfor-Assembly (DfA) are well-known techniques and widely used throughout many large industries. DfA can support the reduction of product manufacturing costs and it provides much greater benefits than a simply reduction in assembly time [1] [2]. However, these methods are rather laborious and in most cases, they require a detailed product design or an existing product/prototype. Other approach investigates the product assemblability starting from the product functional structure [3] [4] . In this way, the DfA technique can be applied during the conceptual design phase when decisions greatly affect production costs. Even so, the conceptual DfA, as the authors call their method, do not consider manufacturability aspects such as the material selection or the most appropriate process to build up components and parts. Furthermore, product design and optimization is a multi-objective activity and not only limited to the assembly aspects.
In this context, this paper proposes an improvement to overcome the above mentioned weak points and to optimize the product assemblability as well as the parts manufacturability by taking into account the best cost-effective technical solutions. The step beyond the current state of the art is the possibility to optimize both assembly and manufacturing in the early design stage when the product model is not yet available and defined. The main goal of this work is to define a multi-objective design approach which aims to have a comprehensive analysis of the manufacturing aspects (including assembly, materials, processes, costs and times). This is particularly important to avoid design solutions which can be excellent, for example, from the assembly point of view but not cost-efficient in terms of manufacturing costs and investments. The novelty of this approach is to make systematic a random process which is currently based on the company know-how and experiences. Moreover, the mathematical model makes the approach repeatable and applicable in any manufacturing context. §2 reports a brief review of the research background. §3 reports in detail the steps of the approach. A case study (toolholder carousel) is analysed in §4. Results discussion and concluding remarks are reported in §5.
Research background on target design methodology and multi-objective design
The design stage is a long and iterative process for the development of certain products. Design stage activities can be divided into four main phases: (i) Problem definition and customer needs analysis, (ii) Conceptual design, (iii) Embodiment design, and (iv) Detail design. In the first phase, customer requirements are collected and analyzed, then, the requirements are translated into product features, and finally, concepts that can satisfy the requirements are generated and modelled [5] . It is well-known that, although design costs consume approx. 10% of the total budget for a new project, typically 80% of manufacturing costs are determined by the product design [6] [7] . Manufacturing and assembly costs are decided during the design stage and their definition tend to affect the selection of materials, machines and human resources that are being used in the production process [8] .
DfA is an approach which gives the designer a thought process and guidance so that the product may be developed in a way which favors the assembly process [9] . In the industrial practice, the Boothroyd and Dewhurst (B&D) is one of the most diffused DfA approach [2] . Different design solutions can be compared by evaluating the elimination or combination of parts in the assembly and the time to execute the assembly operations [10] . Usually, DfA methods are applied in the detailed design phase when much of the design process has been deployed and solutions have been identified [11] . This is the main drawback of this approach.
Stone et al. [3] define a conceptual DfA method in order to support designers during the early stages of the design process. The approach uses two concepts: the functional basis and the module heuristics [12] . The functional basis is used to derive a functional model of a product in a standard formalism and the module heuristics are applied to the functional model to identify a modular product architecture [13] . The approach has two weak points: (i) the identification of best manufacturing process for part production and (ii) related cost-efficient material.
The selection of the most appropriate manufacturing process is dependent on a large number of factors but the most important considerations are shape complexity and material properties [14] . According to Das et al. [15] , Design-forManufacturing (DfM) is defined as an approach for designing a product which: (i) the design is quickly transitioned into production, (ii) the product is manufactured at a minimum cost, (iii) the product is manufactured with a minimum effort in terms of processing and handling requirements, and (iv) the manufactured product attains its designed level of quality. DfA and DfM hardly integrate together, and the Design-forManufacturing-and-Assembly (DfMA) procedure can typically be broken down into two stages. Initially, DfA is conducted, leading to a simplification of the product structure and economic selection of materials and processes. After iterating the process, the best design concept is taken forward to DfM, leading to detailed design of the components for minimum manufacturing costs [16] .
Cost estimation is concerned with the predication of costs related to a set of activities before they have actually been executed. Cost estimating or Design-to-Cost (DtC) approaches can be broadly classified as intuitive method, parametric techniques, variant-based models, and generative cost estimating models [17] . However, the most accurate cost estimates are made using an iterative approach during the detail design phase [18] . While DtC is usually applied at the embodiment design or even worse in the detail design phase, to be efficient DtC requires to be applied at the same time of DfMA (conceptual design phase) [19] [20] . In this way, DtC is only an optimization of an already selected design solution from the manufacturing/cost point of view.
The only way to overcome the aforementioned issues is the multi-objective approach which takes into account all the production aspects (assemblability, manufacturability, materials, costs, etc.) at the same time. Different mathematical models can be used as a solver for the multi-objective problem. Multi Criteria Decision Making (MCDM) approach is one of the common approach for multi-objective problems [21] . Novelty of the proposed approached is based on the application of MCDM in the conceptual design phase to account multiple production aspects in the development of complex products.
The multi-objective conceptual design approach
The first step of the proposed approach is a standard practice in the conceptual design phase, that is the set out the product modules and properties considering the functional basis and the module heuristics. Then, by the concept of morphological matrix, a list of possible and feasible design solutions can be pointed out in order to fulfill the rows of the morphological matrix for each specific module. This step can be assisted and carried out using the company knowledge and the skills of designers and engineers. Finally, considering the multiobjective approach (DfA, DfM and DtC) based on the MCDM (Multi Criteria Decision Making) theory, suggestions for the product structure simplification and for the selection of economic materials and manufacturing processes are stated. Fig. 1 shows the workflow of the proposed multi-objective design approach in relation to the standard practice of DfA. It is important to highlight that the proposed approach is able to consider different target design methodologies (DfX) early in the conceptual design of product development process and not in the embodiment design or even worse in the detail design phase. In particular, the focus of this research work is related to the production (assembly, manufacturing, material selection and cost) aspects.
The steps of the proposed approach are detailed here below.
Step 1: Product modules definition and related properties
Through functional analysis and module heuristic approach, it is possible to determine the number of functions which identify a product and the related flows (energy, material and signal). The functional analysis is able to break up the product in its constituent functions as a first step of design process. This is the first step of the conceptual design and helps designers and engineers in the definition of the product functions as well as in the identification of the overall product structure. The module heuristic identifies the in/out flows of each function. By using this approach, it is possible to translate the product functions into functional modules. Functional modules define a conceptual framework of the product and the initial product configuration. A one-to-one mapping between product functions and modules is expected, but it can be possible that several functions are developed only by one physical module.
Furthermore, heuristics allow determining the specific properties of each functional module. Attributes and properties need to be defined for each module in order to identify the technical and functional aspects which must be guaranteed as well as a basis for the definition of the feasible and not-feasible design solutions.
Step 2: Design solutions definition
The transition from product modules to potential design solutions (components or sub-assemblies) is based on the knowledge of specific properties identified during the generation of the product modules. A very helpful tool at this step is the morphological matrix which can improve the effectiveness of the conceptual analysis and translates functional modules to physical modules such as sub-assemblies or components. A morphological matrix is traditionally created by labelling each line with all the identified products' modules and, for each module, the possible design options, listing the solutions as columns and the product' modules as rows [22] . In a manual engineering design context, the morphological matrix is limited to the concepts generated by the engineer, although the morphological matrix is one technique that can be used in conjunction with other design activities (brainstorming processes, company knowledge analysis, designer's skills and attitude to problem solving, etc.) [23] .
In particular, the alternative design options are developed and analyzed based on the concepts of DfA, DfM and DtC to retrieve, at conceptual level, the best configuration in terms of costs and productivity. Designers skills, suppliers and stakeholders' surveys as well as well-structured and updated knowledge repositories can help in the definition of the design options suitable to implement the module under investigation and for the population of the morphological matrix. The morphological matrix finally shows existing alternative design options for each functional module of a complex system and it permit a rapid configuration of the product with the selection of the best option for a specific module.
Design options must be reliable and compliant with the properties defined in the module definition.
Step 3: Multi-objective analysis
The multi-objective analysis is the core of the proposed approach and aims to give a trade-off among different aspects of industrial production, such as assembly, materials and manufacturing processes taking into account the overall cost as a driver for the optimization process. The multi-objective analysis is following the product modules definition and the classification of design solutions, but it is still part of the conceptual design phase. In fact, in this phase are available only general information and not specific details about geometry, shape, manufacturing parameters, material designation, etc.
Design options, retrieved in the previous step, are analysed based on rough cost estimation and based on designers' and engineers' knowledge. This is an iterative process, as highlighted in Fig. 1 , in which all the design solutions are evaluated in order to retrieve useful suggestions for the development of the product and its constituent components. The best design concept is not the best assembly concept optimized considering the minimum cost for the parts manufacturing, but the optimal solution in terms of costs, assembly, material and manufacturing process considering for example the production rate (batch) and all the other product features. In this approach, the selection of the best design options is made using a MCDM (Multi Criteria Decision Making) method call TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution). The TOPSIS was first developed by Hwang & Yoon and it is attractive in that limited subjective input (the only subjective input needed from decision makers is weights) [21] . According to this technique, the best alternative would be the one that is nearest to the positive ideal solution and farthest from the negative ideal solution [24] . The positive ideal solution is a solution that maximizes the benefit criteria and minimizes the cost criteria, whereas the negative ideal solution maximizes the cost criteria and minimizes the benefit criteria [25] . Using a TOPSIS method, the different design options, identified in the previous step, are ranked in order to choose the best module configuration which takes into account several aspects such as assemblability, manufacturability, materials and costs. The TOPSIS method is not time consuming due to the easy implementation in a common spreadsheet or in a dedicated software tool. Inputs required are only: (i) attributes weight (based on company targets and requirements) and (ii) scores for each design option in relation to the selected attributes (based on engineers expertizes and knowledge). Anyway, a sensitivity analysis of results is necessary to take into account the rates and weights of the evaluation.
Finally, in the embodiment design phase, based on the conceptual design solution selected, properties and parameters are specifically defined such as the material (i.e. Al wrought alloy EN-AW6005 from the Aluminum alloy class) or the specific manufacturing process (High Pressure Die Casting 1200 [ton] from the Casting processes). Furthermore, process parameter optimization (the definition of the virtual model, the tuning of manufacturing process parameters, the arrangement of assembly lines, etc.) is pointed out by the traditional design tools (CAD, FEM, etc.). Afterwards, the detailed design is defined and physical prototypes are realized before to start the production phase.
Case study: A tool-holder carousel of a CNC machine
A tool-holder carousel of a CNC machine tool for wood processing and machining has been analysed within this work as a case study. The tool holder carousel is a complex assembly as highlighted by the original design model proposed in Fig. 2 . On the basis of the functional analysis and the modular approach, several product modules have been identified in the conceptual design stage. The overall function of this complex system is "to feed the CNC machine tools with specific tool". The functional analysis has general validity for this kind of product and can be used also as a conceptual analysis for other CNC machine models.
Here below, two different modules of this product are proposed and analysed in detail:
The Bracket support for compressed air nozzle/photocell. The carousel Grippers.
As demonstrative example, in the following paragraphs, a complete re-design process has been carried out to compare, accurately, design alternatives after the conceptual design phase and so in the detail design phase. For this reason, complete 3D CAD models have been built up for a comprehensive and detailed analysis which can be considered as part of the method validation.
The Bracket support
The Bracket support has the following function: "to support nozzle for compressed air and photocell". The morphological matrix for the Bracket support is presented in Table 1 . Several other design options are not stated in in the morphological matrix because they are not feasible considering the requirements and constrains defined during the properties definition. Alternative design solutions have been analyzed following the multi-objective design approach and the MCDM methodology. The results of the MCDM analysis is reported below in Fig. 3 . Moreover, in the Fig. 3 the weight and the score assessment have been reported. The score of each attribute for each design option has been assigned based on the expertizes and knowledge of company engineers and designers supported by the R&D team. The Bracket support for compressed air nozzle and photocell has been traditionally made by steel plates bended and welded together to create the desired geometry. The Welded structure is an assembly solution which guarantees a good productivity without significant investment costs.
Plastic piece is another possible solution for the Bracket realization which guarantee even better productivity and costefficiency considering a high production rate (approx. 2500 pieces in 10 years of production). This can be considered the best solution in terms of assemblability, as well as in terms of material class (low cost thermoplastics), equipment and manufacturing process (injection moulding). A CAD model of the two solutions have been built up and proposed in Fig. 4 for the comparison and the analysis. Moreover, it is important to highlight that the Plastic piece has several other advantages such as the possibility to easily assemble the air compressor tool and photocell (snap-fits vs. screws) as well as to fix other components which is currently considered as part of another module which are assembled with threaded elements (power unit control, etc.).
Detail design analysis for the different design options highlights how the plastic piece is the most cost-efficient solution compared with the other options.
The carousel Grippers
The carousel Grippers have the following function: "to hold several tools during the machining operations and to feed the spindle with the proper tool". The morphological matrix for the carousel Grippers is presented in Table 2 . Several other design options are not stated in in the morphological matrix because they are not feasible considering the requirements and constrains defined during the properties definition. The carousel Grippers do not require particular structural properties but the necessity to be replaced due to possible damages or wear which can happening during their use. Each carousel has at least 16 Grippers and this means that the production rate of the Grippers is 16 times the production rate of the carousel itself (approx. 40000 pieces in 10 years of production). Die casting process and zinc alloy guarantee an excellent productivity and the use a rigid plastic material as a body cover (e.g. Acrylonitrile Butadiene Styrene -ABS) assures the wear resistance property and the grasp efficiency. This is an excellent solution in terms of assemblability and manufacturability (material, equipment and process) including the cost and the estimated batch.
A 3D CAD model of the proposed solutions has been built up and analysed in detail for the approach validation (Fig. 6) . Few design changes from the original design solution have been done to reduce the part complexity and the number of components. Detail design analysis for the different design options highlights how the die casting process of zinc alloy is the most cost-efficient solution compared with the other options. Even if the MCDM analysis pointed out that plastic piece has a similar score compared with the casting piece Zn (0.77 vs. 0.78) this solution is to prefer because can guarantee a better resistance to crack and to fatigue for this kind of component (lower replacement rate). 
Results discussion and concluding remarks
The proposed work aims to develop a multi-objective design approach for a comprehensive analysis of the manufacturing aspects (assembly, materials, processes, costs and times) in the conceptual design phase. The approach is able to support engineering team in the selection of the optimal design solution during the early design phase of the product development process (conceptual design). The presented case study (toolholder carousel) is a good example to demonstrate the advantages of a multi-objective approach for decision-making during the early product design phase. An overview of the product results is presented in Table 3 . Considering the modules analysed in detail in this work here below are reported the main results.
For the Bracket support, the new design solution highlight not only a cost reduction based on material and related manufacturing process but also an easier assembly phase (less components, use of snap-fits, etc.). Furthermore, the support has been conceived to fix and to integrate other components which is currently considered as part of another module (power unit control, etc.). In this way a product simplification has been obtained.
For the Carousel Grippers, the new developed solution consisting in a new shape for the body cover which is able to meet, at the same time, assembling, manufacturing and cost requirements, improving the design of the old solution.
Obviously, a sensitivity analysis of the results is recommended due to the dependency between the result obtained and scores assigned during the evaluation. This issue does not limit the applicability of the approach but encourage to set weights based on the specific targets and to implement a sensitivity analysis to investigate the influence of each score for each attribute.
Future perspectives on this topic will be a deeply validation of the method for other case studies and product typologies as well as the definition of a framework for the implementation of the proposed approach in a design tool. A step forward will be to include other interesting production aspects such as environmental impacts, machine energy consumptions, etc.
